A description of an experimental investigation involving the study of the dynamic interaction between the cables and the deck/towers system in cable-stayed bridges is presented. The work was carried out on a physical model of a cable-stayed bridge (the Jindo Bridge, in South Korea), whose characteristics of stiffness and mass have been conveniently scaled. Standard modal analysis tests were performed using both an electrodynamic shaker and a shaking table, leading to the creation of a high quality data base, characterizing the dynamic behaviour of the bridge.
INTRODUCTION
The peculiarity of the structural behaviour of cable-stayed bridges, in particular under dynamic excitations (wind, earthquakes and traffic loads), naturally requires the adoption of sophisticated dynamic analysis procedures. Although there has been recently a significant effort to improve numerical formulations for the modelling of the structural behaviour, it is of great interest to perform experimental tests, both on prototypes and on physical models, to improve and validate the mathematical models, and to study some peculiar forms of behaviour not yet completely understood.
Some physical models have been tested in the past [1] [2] [3] . However, not all of them were replicas of specific prototypes. Only in a few cases were some correlations achieved between the analytical response of the prototype and the measured response of the model to some dynamic excitation. Full-scale vibration tests on cable-stayed bridges have also been reported in the literature, as it is the case of Annacis 4 , Tjörn 5 or Tampico 6 bridges.
From these tests and from visual observation of other cable structures, some particular aspects associated with the dynamics of cable-stayed bridges have been identified, such as the occurrence of important stay cable oscillations, sometimes conjugated with simultaneous vibration of the deck. This phenomenon has been clearly evidenced by long-term monitoring of some modern bridges, namely Faroe 5 , Helgeland 7 , Ben-Ahin and Wandre 8 bridges. Although there is not yet a complete knowledge of the mechanism behind these cable oscillations, several possible causes have been considered 9 , namely (i) excitation caused by vortex shedding from behind the pylons, the girder or the cables 10 , (ii) direct excitation from the wind due to turbulent flow, (iii) excitation due to oscillation of the cable supports (parametric excitation) 11 and (iv) rain-induced vibration 12 . Each of these aspects has been the subject of recent investigations, in many cases accompanied by the development of laboratory tests on individual cables 13 .
Considering these aspects in the study of the global behaviour of a cable-stayed bridge, some authors 5, 14, 15 have stressed the significance of modelling the distributed inertia of the cables in the numerical model of the bridge, so as to include the corresponding vibration modes in the dynamic analysis of the whole structure. However, to the authors' knowledge, the degree of importance of cable vibration in terms of the dynamic response of cable-stayed bridges has not yet been fully evaluated.
Using a numerical approach, Abdel-Ghaffar and Khalifa 15 emphasized the importance of complex vibrations of stay cables, which seem to be strongly coupled with the bridge deck and tower motions, although they are usually overlooked or treated independently in most studies of cable-stayed bridges. According to Abdel-Ghaffar and Khalifa, by discretizing each cable into small finite elements, there results new and numerous complex pure cable vibration modes, whose analytical prediction would be impossible using the linearized natural frequency expressions for the individual inclined cables. Furthermore, this model also provides coupled deck-cable motions involving bending and torsional motions of the deck, as well as vertical and swinging cable motions. These cannot be predicted using traditional finite element models, and may have a significant effect on the participation factors used in the earthquake response calculation.
The present paper describes some results of an investigation conducted at the Earthquake Engineering Research Centre of the University of Bristol (U.K.), in collaboration with the University of Porto (Portugal), with the aim of experimentally confirming the existence and importance of the interaction between the stay cables and the deck-towers system in a cablestayed bridge. This study has been performed on the physical model of a cable-stayed bridge (the Jindo Bridge, in South Korea), whose characteristics of stiffness and mass have been conveniently scaled. Standard experimental modal analysis techniques have been employed in order to identify the main dynamic parameters of the bridge, using both an electrodynamic shaker and a shaking table. Various series of mode shapes were identified at very close frequencies, involving similar configurations of the girder and towers, but different cable movements. A comparison between experimental and numerical results was made.
In order to evaluate the importance of the dynamic cable-deck interaction in terms of the response to seismic excitations, several shaking table tests were also performed, considering different types of artificial accelerograms. Results of these tests, as well as of numerical simulations, are presented in a companion paper 16 .
THE JINDO BRIDGE PROTOTYPE
The Jindo Bridge, designed by Rendel Palmer & Tritton and built in South Korea 17 , is a three span steel cable-stayed bridge with a continuous stiffening girder, having a total length of 484 m. The main span is 344 m and the side spans are 70 m, according to the scheme of Figure 1 .
The boundary conditions of the main girder are achieved by two rocker supports at the ends, one pinned support at one of the towers and a roller at the other tower. The stays are arranged in a form of a fan converging at the top of each A-frame tower. Each tower carries 24 stays. The cables are locked coil ropes. 
THE PHYSICAL MODEL OF JINDO BRIDGE
The physical model of Jindo Bridge, built at the Earthquake Engineering Research Centre of the University of Bristol, can be described as a distorted small scale model with artificial mass simulation. This model was designed by Garevski 3 , who performed damping and seismic response measurement tests, and was slightly modified by the authors 18 , in order to study appropriately the problem of coupled cable-deck motions.
The model satisfied similarity for the bending stiffness of the girder and towers and for the axial stiffness of the cable stays. The design of new additional masses for the cables attempted to simulate correctly their continuous mass distribution while using an efficient form of fixation. A complete description of this design process, based on the similarity theory, was previously reported by the authors in Ref. 18 . . x mm . The stay cables were simulated with piano wires (Young's modulus Ec ). Their axial stiffness was correctly scaled and the only difference to the prototype was on the back stays, that were made of 6 cables in the real structure, and were constituted by one piano wire with equivalent scaled area in the model. To compensate for the dead weight of such a light model, additional masses were added.
Small steel plates were attached to the towers and girders by two bolts, without any further contact to minimise any stiffening effects. Small lead spheres were glued along the cables that simulated the back stays. For the other cables, smaller masses made of a zinc alloy usually used as angling weights were attached to the cables simply by pressure. A general description of the overall bridge model can be found in Figure 2 , while a more detailed characterization of the model is presented in Ref. 3 . Table I summarizes the values of the scale factors used. Table II shows the characteristics of the added masses. The set of final tensions on the cables from the bridge prototype was scaled according to the similitude theory, leading to the values of the prestress to be developed in the wires of the model, presented in Table III . This was achieved by turning bolts, around which the ends of the cables were wrapped, in the manner of tuning a violin. The tension in each cable was tuned indirectly using a magnetic sensor and a Fourier analyzer, taking into account the relation between the natural frequencies of the cables and the corresponding tensions, according to the vibrating chord theory 19 . Table III summarizes the frequencies of the first three harmonics of the stay cables evaluated both on the basis of the Irvine theory 19 , assuming a continuous idealization of the cables, and from a finite element formulation, dividing each cable into several truss elements with lumped masses at the nodes.
NUMERICAL EVALUATION OF MODAL PARAMETERS OF THE MODEL
Although it is recognized that the behaviour of cable-stayed bridges is clearly three-dimensional and so a valid numerical analysis requires, in principle, a 3-D mathematical model, it was decided to develop, for simplicity in the first instance, a 2-D finite element analysis. The results obtained will not be reported in detail here but were used to prepare the experimental tests and to extract preliminary conclusions about the effect of the vibration of the cables on the global dynamic response of the bridge.
In a second phase, modal parameters were evaluated based on two 3-D finite element models of the Jindo Bridge physical model. These models were designated, according to Abdel- The following boundary conditions were assumed in both models: (i) the piers were clamped to the soil; (ii) the vertical displacements, as well as the rotations around the longitudinal and vertical axes were precluded at the end supports of the deck; (iii) the transversal motion of the deck at the end and left tower supports was constrained by appropriate spring elements; (iv) additional constraints at the intermediate supports of the deck over the piers were introduced in order to ensure compatibility of the deck and pier motions, imposing equal vertical displacements at the left support ( Figure 3 ) and equal transversal and vertical displacements at the right one. The introduction of the design initial cable tensions was achieved iteratively by successive adjustment of the initial strain of the stay cables.
Using these models, dynamic analyses 20 were performed using the stiffness matrix obtained at the end of a geometric non-linear static analysis under permanent loads and a consistent mass matrix, which included in particular the rotational mass moments associated with the steel added masses along the deck and tower legs.
The lowest 20 natural frequencies in the range 0-46 Hz and the corresponding modal shapes were evaluated for the OECS. Table IV summarizes the values of these frequencies and the type of the corresponding modal shapes (SYM-mode shape of the girder and towers is approximately symmetric with respect to the axis of symmetry of the bridge; ASM-mode shape of the girder and towers is approximately anti-symmetric; LTW-mode shape involves essentially the movement of the left tower; RTW-mode shape involves essentially the movement of the right tower). For the MECS, the lowest 150 natural frequencies in the range 0-21.3 Hz and the corresponding modal shapes were calculated. Table V summarizes the values of some of these natural frequencies. It is worth mentioning that, for the first 6 modes obtained on the basis of the OECS model, there was no coupling between in-plane and out-of-plane motion, the first torsional mode occurring only at 22.1Hz. Note that the non-existence of coupling between bending and torsion in terms of the first 6 natural frequencies led, in this case, to a significant proximity of the results provided by the 2-D and 3-D numerical models used to analyse the structural dynamic response. However, the value of 22.1Hz is not really representative of the prototype torsional fundamental frequency, as the physical model did not respect the similarity requirements for the torsional behaviour. MODE 
EXPERIMENTAL MODAL SURVEY

Test procedures
The identification of modal parameters from the physical model was based on the use of an electrodynamic shaker. The procedure consisted of the application of vertical and transversal multi-sine excitation at the mid-span (node D3) and at the one third points of the span (left, node D2 ; right, node D5). The response was measured along the deck and towers using a small piezoelectric accelerometer, and along some of the cables, either using the piezoelectric accelerometer (only on the back-stays) or a magnetic sensor. Force was measured by means of a force sensor, interposed between the shaker and the bridge model.
The acquired time signals were used to obtain frequency response functions (FRFs).
Modal parameters were extracted from the set of FRFs using a least squares frequency domain identification algorithm 21 , based on the Rational Fraction Polynomial Method. table) and, most important, there was high consistency between the data obtained from these two different forms of excitation. Figure   10 presents an example of a measured / synthesized FRF and associated coherence function estimates. It is important to note the significant variation of the identified damping factors, which seem to be highly dependent on the amplitude of vibration and also on the duration of the excitation. This fact is particularly relevant for the damping factors associated to the first transversal and vertical bending modes of vibration, whose magnitudes also attained values much superior to other modes. An attempt was made to prove that the measured mode shapes involved similar displacements for the girder and towers, and different displacements of the cables, as had been reported for the numerical analysis. Time series were collected at several nodes of the girder and towers, measuring the response to a sinusoidal excitation applied vertically at node D5 with frequencies of 9.20 Hz and 9.50 Hz. From these series, components of the two mode shapes were estimated. Figure 11 , representing a plot of these components against the associated values for the 1st vertical anti-symmetric mode obtained from the OECS analysis, shows the similarity of configurations of the mode shapes. With respect to the FRFs obtained from measurements on the cables, the analysis of peak frequencies revealed not only the frequencies of individual vibration of the cables, but also the existence of other peak values corresponding to natural frequencies measured on the girder/towers associated with global modes of vibration.
Test results
Accuracy of the analysis
The analysis presented in the previous sections used two different approaches (experimental and numerical) to determine the dynamic behaviour of a physical model of a cable-stayed bridge, which prompts some reflection about the corresponding accuracy and limitations.
With regard to the experimental analysis, two main sources of error can be identified: the errors associated with instrumentation and data acquisition, and the errors due to the algorithm used in the identification of structural parameters.
The instrument chain used in the shaker test had a 95% confidence level calibration error of 5%, leading to a maximum 10.6% error in the amplitude of the FRF estimates. The chain calibrations for the instruments used in the shaking table tests were between 4% and 5%, giving FRF amplitude errors between 8.3% and 9.1%.
The relatively low level of these instrumentation errors, associated with the small frequency resolution adopted (varying between 0.00625 Hz and 0.1250 Hz) and the accurate identification algorithm used (a MDOF algorithm in the frequency domain that allows subinterval curve-fitting and compensation of the effect of the out-of-band modes in manual mode),
give confidence in the accuracy of the results.
With regard to the accuracy of the numerical modelling, it is worth noting that it faces some limitations and uncertainties. In fact, the numerical model could not take into account several physical features that can significantly influence the cable behaviour, for example, possible small imperfections in the connections of the cables to the girder and towers, lack of symmetry of the upstream and downstream cables due to the form of distribution of the added masses, as well as possible deviations of the cable tensions in relation to the theoretical values, due to the 5% tolerance achieved in the cable tensioning. Moreover, some important uncertainties are also related with the constraints of the transversal motion of the deck at the end and left tower supports for transversal motions, and thermal changes are also disregarded.
FINAL CONSIDERATIONS
The main objective of this paper was to describe an experimental investigation developed by the authors at the Earthquake Engineering Research Centre of the University of Bristol, concerning the experimental study of the dynamic behaviour of the physical model of a cable-stayed bridge.
From the set of data analysed, the following conclusions can be drawn:
1. Extensive measurements on the bridge model with associated high coherences showed good correlation with 3-D numerical models, suggesting a good quality of the database created.
2. The modal survey confirmed the existence of interaction between the cables and the deck/towers. This interaction was characterized by the appearance of several modes of vibration with very close natural frequencies and with similar mode shape configurations of the deck and towers, but involving different movements of the cables. The appearance of these new mode shapes proved to be conditioned by the closeness between a natural frequency of the global structure and the natural frequencies of some cables. Numerical analysis on the basis of the MECS model showed this aspect, although a perfect agreement between the calculated and the identified modal parameters could not be achieved, probably due to the practical difficulty of an accurate numerical modelling of local particularities and slight imperfections of the physical model.
3. The damping factors identified on the basis of both the modal survey and from the decay tests were in general rather small (less than 1%) and exhibited a quite wide variation. This variation proved to be related to the amplitude of motion and to the duration of excitation, and was more significant for the first vertical and transversal bending modes of vibration.
